Introduction
Donor-acceptor systems have been reported as models for molecular devices such as photomolecular switches,
1-3 sensors
4-9 and machines. 4 The operation of these relies on variation of the fluorescence quenching properties of the metal and ligands as a function of pH, 4,5 metal concentration 6-9 or metal oxidation state.
1- 3 The use of a metal centre as the electron acceptor unit in such systems, the stability of the metal ion in different oxidation states and its distinct properties in those states gives substantial flexibility in the molecular design and diversity of any applications.
A number of the systems developed have made use of quadridentate ligands such as 1,4,8,11-tetraazacyclotetradecane (cyclam) 4,10 and 1,4,8,11-tetraazacyclotetradecane-5,7-dione, 7,11 extended and appended to a variety of chromophores including anthracene and naphthalene. Work with these ligands has centred on Ni() and Cu() complexes and excited state quenching in the metal complexes ascribed to energy or electron transfer processes. The nature of the quenching process has been related to the structure of the spacer between the donor and the metal acceptor groups, although for systems of this type it is still not possible to predict whether an electron transfer or energy transfer mechanism will operate.
4 Solvent interactions, which may well influence solution conformation, are also likely to play a role in the quenching behaviour of these donor-acceptor systems.
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Another potential application of the properties of donoracceptor systems is their use as tools for triggered ligand release as a model for photoinduced drug delivery. Transient reduction of a stable cobalt() acceptor centre to its labile cobalt() analogue may provide such a vehicle for controlled ligand release. For this concept to be realised it is important to better understand the nature of the quenching process in donoracceptor complexes containing cobalt() as the acceptor moiety. To this end, and as part of our investigations of photoactivated donor-acceptor complexes we have examined some cobalt() complexes of the macrocyclic ligands 6-(anthracen-9-yl)-1,4,8,11-tetraazacyclotetradecane 3 and 6-(anthracen-9- † Electronic supplementary information (ESI) available: Selected bond lengths and angles and ORTEP diagrams for compound 8 
Experimental Electrochemical experiments
Cyclic voltammetry was carried out using a three-electrode cell configuration consisting of a 1 mm glassy carbon disk working electrode, a platinum wire auxiliary electrode, and a Ag/AgClO 4 in [Et 4 N]ClO 4 reference electrode separated from the working solution by a liquid junction incorporating a Vycor glass frit. DMF (Merck) was dried over molecular sieves (4Å).
[Et 4 N]ClO 4 (Fluka) was used as supporting electrolyte and AgClO 4 (BDH) as the source of Ag ϩ in the reference electrode. The ionic strength of the reference electrode was identical to that of the working solution. Formal potentials were determined from the mean of the oxidation and reduction cyclic voltammetric peaks.
Instrumentation
Ultraviolet/visible spectra in DMF were recorded on either a Shimadzu UV-2401PC UV-VIS recording spectrophotometer or Varian Cary 50 Bio ultraviolet-visible spectrophotometer unless otherwise specified.
1 H and
13
C NMR spectra were measured in d 4 -methanol using Varian Unity 300 or Unity Plus 400 spectrometers. Chemical shifts (δ, positive downfield) are given in ppm (methanol reference) and J values in Hz.
Photochemistry experiments
Sample preparation. Solutions were prepared in DMF (Merck, spectroscopic grade). In the determination of extinction coefficients, samples were weighed on a Perkin Elmer Autobalance AM-2 to ±5 µg and the optical density (OD) of solutions of known concentration measured using a Cary 50 UV-VIS specrophotometer. For steady state fluorescence experiments, the OD at 370 nm was adjusted to ∼0.1 (corresponding to a concentration of ∼0.8-1.0 × 10 Ϫ5 M); for flash photolysis experiments, the OD was ∼1. Solutions were degassed using multiple freeze-pump-thaw cycles. Typically, four cycles were sufficient to remove dissolved gases. Solutions were prepared in the dark and protected from light when not in use.
Steady-state fluorescence. Steady-state fluorescence spectra were recorded using a Varian Eclipse Fluorimeter and corrected for instrumental response. Low-temperature steady-state fluorescence measurements were performed in an ethanol (Merck, spectroscopic grade) glass in cylindrical quartz cells, using an Oxford Instruments Optistat DN with a liquid nitrogen cryostat. Fluorescence quantum yields were determined by using 9-methylanthracene in ethanol (Φ = 0.33) as the reference.
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Time-correlated single photon counting. Fluorescence decay profiles were determined from time-correlated single-photon counting data. The laser excitation source was a jet stream dye laser (Spectra Physics model 3500), synchronously pumped by a mode locked argon ion laser (Spectra Physics model 2030). The output from the DCM dye was set at 700 nm using a 3-plate birefringent filter. The output pulses were pulse-picked and frequency-doubled in a KDP crystal to provide the 350 nm excitation pulses of ∼5 ps (FWHM) at a repetition rate of 4 MHz. Sample emission was collected through a polarizer set at the magic angle (54.7Њ) relative to the vertically polarized excitation source. Fluorescence decays were measured at 430 nm using a microchannel plate photomultiplier (Hamamatsu model R2809U-01) interfaced to a 512 channel multichannel analyser and reconvoluted using non-linear least-squares iterative procedures based on the Marquardt algorithm.
14 Flash photolysis. The excitation source in the flash photolysis experiments was a Nd:YAG pulsed laser (Continuum NY-61). The output was frequency tripled to 355 nm to give laser pulses of ∼7-8 ns (FWHM) with a pulse intensity limited to ≥ 5 mJ cm Ϫ2 pulse Ϫ1 . The analysing light source was based on a 150 W xenon arc lamp set perpendicular to the excitation beam. To minimise the effects of excess heating and any UV photoreaction, the light was passed through UV-cutoff filters (360 or 400 nm as appropriate) and a water bath, prior to the sample solution. The monitoring wavelength was selected using a dual port triple grating monochromator/spectrograph (Acton Research Corporation SpectraPro model 300i). Two optical observation systems were utilised for time resolved optical detection. Kinetic measurements at a single wavelength were detected using a fast response photomultiplier tube (Hamamatsu R928) coupled to a digital recording oscilloscope (Tektronix TDS-520). Transient spectra at specific delay times were collected using a CCD camera (Princeton Instruments I-MAX-512-T ICCD with ST-133 controller). M) in DMF was placed in a glass cuvette and deoxygenated by purging the solution with N 2 for 10 min. The cuvette was capped and sealed using Parafilm then irradiated for 5 h with light from a 100 W high-pressure mercury arc source fitted with a 372 nm narrow bandpass filter. A control solution from the same stock solution was kept in the dark for the duration of the irradiation.
Preparations
Reactions were performed in air using as-received solvents and A.R. reagents unless otherwise specified. Pyridine was dried over 4Å molecular sieves. 2-(Anthracen-9-ylmethyl)propane-1,3-diol 4, the bis(aminal) 7 and the ligand 6-(anthracen-9-ylmethyl)- 2-(Anthracen-9-ylmethyl)decahydro-cis-10b,10c-dimethyl-1H,6H-3a,5a,8a,10a-tetraazapyrene. 8. A solution of diiodopropane 6 (6.395 g, 13.15 mmol), anhydrous K 2 CO 3 (9.09 g, 65.8 mmol) and tricyclic bis(aminal) 7 in dry MeCN (250 mL) was heated at reflux for 26 h, in a flame-dried round-bottomed flask fitted with a CaCl 2 guard tube. The dark reaction mixture was filtered, the filtrate was evaporated under reduced pressure and the residue purified by squat SiO 2 column chromatography. After any unreacted 6 had been eluted with CH 2 Cl 2 , the band that eluted with Me 2 CO and which appeared light blue under 365 nm irradiation was collected. Concentration of this fraction yielded a crude mixture of the syn and anti isomers of 8 that was further purified by vacuum chromatography through a squat SiO 2 column followed by recrystallisation from acetone. Yield = 3.06 g, 51%. Anal. Calc. for C 29 . After a few min cooling, air was bubbled into the mixture for 0.5 h whereupon the mixture rapidly became deep green. The solvent was then boiled off cautiously on a steam-bath, with the occasional addition of small portions (ca. 0.5 mL each) of water. When the mixture had been concentrated to ca. 10 mL, it was placed in a screw-capped glass jar containing water, which diffused slowly into the mixture with concomitant MeOH diffusion into the water from the reaction mixture. The green microcrystalline solid began separating within 30 min and was collected after 3 days, washed with a minimum of cold water, then dried in vacuo at 80 ЊC for 2 h. Yield = 153 mg, 60%. Anal. Calc. for C 25 nol (400 mL). Air was bubbled through the solution for 5 h and the light green solution was then filtered. Upon the slow addition of concentrated hydrochloric acid (2 mL) the solution became dark green. The solvent was evaporated under reduced pressure to a volume of 5 mL during which time a dark green crystalline solid formed. After cooling at Ϫ20 ЊC for 12 h the product was collected and washed with ice-cold ethanol (5 × 1 mL). The product was recrystallised from the minimum amount of 0.67% v/v concentrated HCl-methanol, washed with ice-cold methanol (5 × 1 mL) and dried in vacuo at 110 ЊC for 8 h to yield [Co (6- 
Crystallography
Crystal data and details of data collection and refinement are given in Table 1 .
Crystals of [Co(3)Cl 2 ]Clؒ4H 2 O suitable for X-ray structure determination were grown by H 2 O diffusion into a MeOH solution of the complex. Data were collected on the crystal mounted in a sealed capillary tube in the presence of mother-liquor. Crystals of the (bis-aminal) anti-isomer suitable for X-ray structure determination were grown by evaporation from Me 2 CO solution and data were collected from the crystal mounted on a glass fibre at room temperature. Single X-ray quality crystals of [Co(2)Cl 2 ]Clؒ0.5CH 3 OH were grown by the slow diffusion of acetone into a solution of the complex in methanol containing two drops of trimethylorthoformate. Single X-ray quality crystals of [Co(12)Cl 2 ] were grown by the slow evaporation of a solution of (6-(anthracen-9-ylmethyl were mounted on glass fibres, covered in low temperature oil, and kept at 150 K during data collection.
Accurate unit cell parameters were calculated using a leastsquares procedure from the setting angles of 25 reflections. Intensity data were collected on an Enraf-Nonius CAD4-MachS single crystal X-ray diffractometer. For [Co (12) Cl 2 ] during the data collection the cryostat failed, resulting in a time during which the crystal was at room temperature and some solvent lost; as a result of this the intensities of the remaining peaks collected were lower and the peaks broader. The data collection could not be repeated due to the lack of another suitable crystal. Corrections were applied for Lorentz and polarization effects as well as for absorption, the corrections being evaluated by Gaussian integration.
The structures were solved using a combination of direct methods and difference synthesis.
16, 17 The site of the solvent molecule in [Co(2)Cl 2 ]Clؒ0.5CH 3 OH was found to be partially occupied and was thus given a refineable occupancy factor. Due to the disorder of the molecule no attempt was made to model attached hydrogen atoms. For [Co(12)Cl 2 ] the lattice solvent molecule was also disordered and was included in the refinement as an oxygen atom; no attempt was made to model attached atoms. Protons bonded to the oxygen atoms were able to be located using difference synthesis. These were modelled and refined using a 50% occupancy for each of the protonation sites. The structures were refined using a full-matrix leastsquares procedure based on F 2 . Hydrogen atoms were located from the difference map and were constrained to geometrical estimates. Final refinement was carried out with anisotropic displacement parameters applied to all non-hydrogen atoms for [Co (2) 
Results and discussion

Syntheses of anthracenyl cyclam ligands and complexes
The anthracene-appended macrocyclic ligands were prepared by the routes outlined in Scheme 1. The diamido-diamino macrocycles (2) that can be prepared from aminolysis of suitable malonate diesters (1) initially seemed to be suitable precursor compounds. This is the "standard" procedure for preparing such C-alkylated macrocycles. 19 Reduction of the amide groups of dioxocyclam 2 using an excess of borane: methyl sulfide complex in THF did not furnish the desired anthrylmethylcyclam 3 cleanly.
1 H NMR analysis of the products of several reduction attempts, performed under a variety of conditions, indicated that the 1,4,8,11-tetraazacyclotetradecane (hereafter cyclam) salt (and its free base) obtained was at best about 80% pure. We were unable to identify or remove the contaminating byproducts. An alternative route to the synthesis of these cyclams was thus investigated.
A recent report described the alkylation of the bis-aminal 7 (formed by condensation of 1,9-diamino-3,7-diazacyclononane (2,3,2-tet) with 2,3-butanedione 15 ) with 1,3-dibromopropane to form the dimethyldecahydrotetraazapyrene 10, which was subsequently hydrolysed to form cyclam 11 in high overall yield as presented in Scheme 2. 15 This prompted us to investigate cognate alkylations using suitably 2-substituted 1,3-diactivated propane derivatives. The desired anthrylmethylpropane was prepared from the known diol 4, which was converted to the diiodopropane 6 via the ditosylate 5. Significantly lower cyclization yields were obtained from the reaction of 5 with 7. The anthracenylmethyl bis-aminal 8 was purified by chromatographic workup. It eluted as a mixture of what we believe to be a mixture of its syn and anti isomers, which differ in the orientation of the anthracenylmethyl moiety relative to the butanedione-derived methyl groups of the decahydrotetraazapyrene moiety. The single crystal X-ray structure of the anti isomer was determined, and confirms the macrocyclic nature of the product. Upon hydrolysis in HCl-H 2 O-EtOH solution both proposed isomers yielded 6-anthracenylmethylcyclam 3 as its stable tetrahydrochloride salt. The free base of 3 could be extracted into CH 2 Cl 2 from aqueous solutions of 3ؒ4HCl that had been treated with base (e.g. NaOH or NH 3 ).
Cobalt() complexes of 3 were prepared by neutralizing a hot methanol solution of CoCl 2 ؒ6H 2 O and the tetrahydrochloride of 3 with NaOH solution. A long reaction time allowed the complex to isomerize to its thermodynamically stable state under the neutral to basic conditions where macrocyclic Co-N bonds, and thus conformational inversions, are more labile.
20 Subsequent acidification and oxidation allowed the isolation of the cobalt() complex. The elemental analysis is consistent with the formation of a clearly defined, pure product which exists as the monohydrate in the crystalline form. Of the many isomers possible, the equatorial trans-III isomer (see crystal structure description below) crystallizes from the reaction mixture in better than 90% isomeric purity, determined from the 1 H NMR spectrum of a CD 3 OD solution of the product, together with some of the axial trans-III isomer. The equatorial trans-III isomer obtained by the method described exhibits a characteristic chemical shift (δ 3.70) for the methylene group that links the anthracene to the cyclam, the axial isomer has this group at δ 3.97. Other peaks of low peak area integration "shadow" the aromatic signals of the more abundant isomer. A shorter reaction time always resulted in the final product consisting of an even more complex mixture of other conformations of the Co() complex, manifested by lower yields of the characterized isomer, the appearance of other Ar-CH 2 signals, and concomitant additional complexity in both the aromatic and aliphatic regions of the 1 H NMR spectrum. The trans-dichlorocobalt() complex of 6-(anthracen-9-ylmethyl)-1,4,8,11-tetraazacyclotetradecane-5,7-dione 2 was prepared in methanol by formation of the Co() complex in situ, followed by the aerial oxidation of the Co() complex to form the Co() complex. The product was isolated from an acidic solution and recrystallised from acidified methanol to yield the complex [Co(2)Cl 2 ]Clؒ0.5CH 3 OH. Despite drying for prolonged periods at 100 ЊC in vacuo the elemental analysis revealed the presence of a half mole equivalent of solvate, which was masked in the 1 H NMR spectrum by the solvent (d 4 -methanol) resonance. The same behaviour was observed when the complex was recrystallised from ethanol, indicating the presence of inaccessible voids in the solid state structure. A single resonance, split into a doublet, is present in the 1 H NMR spectrum at δ 4.57 ppm due to the protons of the methylene bridge. This is in accordance with the symmetry of the complex and indicates the formation of only one isomer of the complex. Puckering of the six-membered chelate ring incorporating C(13) leads to an inequivalence of the C(13) protons. The multiplets at δ 2.20 and 2.00 ppm, each integrating to one proton, are assigned to these protons. The IR spectrum of this complex is consistent with the ligand in the complex existing as the doubly protonated iminol tautomeric structure. The position of the carbonyl stretch of the ligand when complexed to the metal (compared to that of the free ligand) has been used as an indicator of the structure and protonation state adopted by ligands containing the 5,7-dioxo functionalisation. 21 The free ligand, 6-(anthracen-9-ylmethyl)-1,4,8,11-tetraazacyclotetradecane-5,7-dione 2, displays a carbonyl stretch at 1665 cm
Ϫ1
. The carbonyl stretch of the corresponding cobalt() complex, [Co(2)Cl 2 ]Clؒ0.5CH 3 OH, appears in the IR spectrum at 1701 cm Ϫ1 . The large frequency increase to 1700 cm Ϫ1 of this stretch upon complexation to cobalt() is characteristic of the formation of a doubly protonated iminol tautomeric structure. 21 The formation of the iminol tautomer is also consistent with the multiplet at δ 6.34 ppm observed in the 1 H NMR spectrum which integrates to two protons and is assigned to the amine protons of N(1) and N(11). The ESI-MS spectrum of the complex showed the parent ion at m/z 549.5 and 547 and the isotopic distribution expected for an ion containing 35 Cl and
37
Cl. Peaks are also observed at m/z 511.5 and 475.6 consistent with the loss of one and two axially coordinated chloride ligands, respectively, in addition to one or two protons to balance the charge.
Crystal structures
The tetracyclic bis(aminal) 8 crystallizes without lattice solvent from acetone: the solid-state structure determined from a single crystal X-ray study is depicted in Fig. 1 and shows the anti disposition of the anthrylmethyl moiety with respect to the butanedione-derived methyl groups. In the solid state the aromatic anthracene moiety is bent away from the dimethyldecahydrotetraazapyrene framework although a slight twist across the linking methylene bridge is present and C(17) and C(12) approach to within 3.5 Å of one another. The methyl groups of the dimethyldecahydrotetraazapyrene skeleton exist in the cis-configuration, this configuration along with the folding of the decahydrotetraazapyrene framework (due to each of the six-membered rings adopting a chair conformation) has been reported for the non-methyl substituted derivatives.
15,22
The twisted chiral molecule comprises the asymmetric unit of the structure, but the centrosymmetric structure contains a racemic mixture of both diastereoisomers. The central crosslinking ethylene bridge has a torsion angle of Ϫ47.75(13) (for C(28), C(26), C(27), C (29)). Three-dimensional stacking is driven by aromatic coplanar interactions which occur with planeؒ ؒ ؒplane distances of ca. 4.2 Å.
The cation in the solid-state structure of trans-[Co(3)Cl 2 ]Clؒ 4H 2 O is depicted in Fig. 2 . The Co-N and Co-Cl bond lengths and angles of the slightly distorted octahedra are essentially identical to those of the unelaborated [Co(cyclam)Cl 2 ]Cl complex. 23 The chloride ligands are coordinated to the cobalt in the trans-diaxial positions and the macrocycle adopts the trans-III configuration, with the anthracenylmethyl group occupying an equatorial orientation in the six-membered chair-conformed chelate ring. The anthracene moiety is extended well away from the cobalt cyclam system and does not come in close contact with the atoms of the cyclam macrocycle or cobalt() ion. The distance from the centre of the middle anthracene ring to the cobalt atom is significantly greater than that found for trans-[Co(2)Cl 2 ]Cl, being 7.22 Å. The complexes within the unit cell are stacked so that the anthracene chromophores lie directly above one another and the cobalt ions also lie directly above one another. The chloride ligands of one complex are within hydrogen bonding distance of the nitrogen atoms of complexes lying directly above and below the cobalt ion. There are few hydrogen bonding contacts to lattice water, which is highly Fig. 1 Diagram of the solid-state structure of 8. Ellipsoids are scaled to encompass electron density at the 50% probability level. Hydrogen atoms have been omitted. disordered as a result. Hydrogen bonding contacts between the chloride ligands and the nitrogen atoms of the macrocyclic skeleton link lying to the chloride and lattice water. Significant aromatic coplanar interactions do not occur in the threedimensional lattice.
1 H NMR experiments indicated that the complex [Co(2)Cl 2 ]-Clؒ0.5CH 3 OH was stable in methanol for a period of at least 2 days. However, in one attempt to grow crystals suitable for single crystal X-ray diffraction studies, a solution of this complex in d 4 -methanol was allowed to evaporate in the dark over a period of some months during which time emerald green crystals were deposited. An X-ray diffraction study of a representative crystal indicated the formation of a novel, and previously unreported, Co() complex containing the highly conjugated macrocyclic ligand 5,7-hydroxy-6-oxo-1,4,8,11-tetraazacyclotetradecane-4,7-diene 12 as shown in Fig. 3 The crystal structure of [Co(12)Cl 2 ] is interesting in a number of respects. The complex exists in the iminol tautomeric form, however only one of the oxygen atoms is protonated so that the ligand has a single negative charge. As the cobalt() complex also contains two trans-diaxial chloride ligands, the overall charge of the complex is neutral. The complex crystallises in the N-meso isomeric form with both of the amine protons on the same side of the plane defined by the macrocycle. The crystal packing of [Co(12)Cl 2 ] is driven by close contact hydrogen bonding between the protonated iminol oxygen atom of one cation with the deprotonated iminol oxygen atom of a neighbouring cation. This hydrogen bond has an O-H ؒ ؒ ؒ O angle of 155 (17) The coordination sphere is slightly distorted from ideal octahedral geometry due to the restrictions imposed by the five-and six-membered chelate rings of the macrocycle. The observed bond lengths and bite angles of the macrocyclic ligand are essentially identical to those found for related complexes containing the 5,7-dioxo functionality 21,24 as well as [Co(12)Cl 2 ]Cl. In contrast to the solid-state structure observed in the corresponding four-coordinate nickel() complex, 11 for [Co(2)Cl 2 ]Cl the appended anthracene moiety is not folded over the top of the metal atom but is extended away from the macrocycle. Despite this, however, a small rotation about the C(6)-C(15) bond is present leading to a torsion angle of 54.4(4)Њ for C(7)-C(6)-C(15)-C (16) . This results in the anthracene ring atoms C(16), C(17), C(18) and C(19) lying directly over atoms of the macrocycle (C(7), O(7), N(8) and C (9)). The closest approach distance between the anthracene ring and the macrocycle occurs between C(16) and C(7) (3.02 Å) whilst the O(7)-C(16) distance is 3.06 Å. Other approach distances for the atoms listed above are 3.2-4.5 Å. The point of closest approach of the anthracene to the cobalt atom occurs at C (18) and the distance between these two atoms is only 4.65 Å, whilst the distance from the cobalt ion to the centre of the middle anthracene ring is 6.50 Å. The anthracene moiety is essentially planar with the maximum deviation 0.0558(32) Å for C (25) . The least squares plane of the anthracene is at an angle of 29.14(8)Њ to that of the macrocycle.
Photochemistry
Photochemical investigations on the tethered donor-acceptor complexes [Co(3)Cl 2 ]Cl and [Co(2)Cl 2 ]Cl have been carried out and interesting photochemical behaviour is observed. The absorption and emission data for the free ligands 2 and 3 and their corresponding cobalt complexes along with appropriate photophysical data are reported in Table 2 . Steady-state fluorescence excitation and emission spectra of 2 and 3 are presented in Fig. 6 . The absorption and fluorescence spectra of the metal free ligands display bands characteristic of the anthracene fluorophore.
Incorporation of the cobalt() ion into the ligand 2 leads to a significant (approximately 3 nm) red shift of the anthracene absorption bands indicating a ground state interaction between the anthracene moiety and the cobalt ion. An analogous shift has been observed in related nickel() complexes.
11 In contrast to the square-planer nickel() complex, however, for [Co(2)Cl 2 ]-Cl the octahedral geometry of Co() and the presence of the axial Cl Ϫ ligands hinders the approach of the anthracene to the cobalt() ion. Despite this, the red shift indicates some interaction of the aromatic anthracene rings with a highly conjugated section of the macrocycle does occur, as shown by the single-crystal X-ray diffraction studies. It is likely to be this interaction between the anthracene and the orbitals of the acceptor unit that causes the observed red shift in the anthracene bands of [Co(2)Cl 2 ]Cl.
The absorption spectrum of the donor-acceptor system [Co(3)Cl 2 ]Cl does not display a similar shift in the absorbance of the anthracene bands. This is consistent with the fully extended structure existing as the main conformer in solution, as is observed in the solid state, and therefore the lack of interaction between the cobalt ion and anthracene chromophore in the ground state.
Upon complexation of the ligand to cobalt(), the fluorescence of the anthracene fluorophore is quenched dramatically. The decay of fluorescence of the free ligand 3 did not and a κ 2 value of 2/3. These calculations indicate that energy transfer between the donor and acceptor is predicted to be efficient (∼90%) and rapid (k EnT = 9.4 × 10 8 s Ϫ1 ). This is due to the close proximity (7.22 Å) of the donor to the acceptor, which is well within the calculated Förster distance of 10.6 Å. Although these calculations show that energy transfer in [Co(3)Cl 2 ]Cl is efficient, the observed quenching is much higher than that predicted to occur by the Förster energy transfer mechanism. Thus the energy transfer mechanism cannot explain all the quenching observed. This difference could be explained by an electron transfer mechanism occurring either solely or in competition with energy transfer. Analogous calculations cannot be carried out for the donor-acceptor system [Co(2)Cl 2 ]Cl due to the close proximity of the donor to the acceptor and resulting possibility of energy transfer via the Dexter mechanism.
The driving force for electron transfer from the donor to the acceptor can be estimated using the Rehm-Weller equation which requires a knowledge of the reduction potentials of the donor and acceptor and the excitation energy of the chromophore. 26 In Steady-state fluorescence experiments in ethanol glass (at 120 K) for both donor-acceptor complexes studied resulted in no revival of the anthracene fluorescence. Whilst intramolecular electron transfer would be expected to be much more dependent upon solvent interactions than intramolecular energy transfer, the extent of destabilisation of the charge separated state upon electron transfer in a glass and hence recovery of fluorescence, is debatable. Additionally the potential proximity of the donor and acceptor, particularly in the case of [Co(2)Cl 2 ]Cl, adds a further complication to the interpretation of steady-state glass experiments.
The discussion above indicates that the quenching of the anthracene fluorescence by both energy transfer or electron transfer mechanisms is possible. Flash photolysis experiments were unable to further elucidate the mechanism of quenching as the formation of a charge separated state exhibiting the spectral characteristics of the anthracene cation 28 or changes in the Co() centred ligand field bands at 678 nm due to the formation of Co() were not observed. The lack of any significant transient absorption in the spectra of these complexes indicates that the lifetime of the species produced following either energy or electron transfer from the donor to the acceptor is too short for detection using the flash photolysis equipment employed. The laser pulse used was of the order of 7-8 ns and this sets the upper limit for the detection of short lived transients. Lifetimes of ∼4 ns have been observed for the anthryl radical cation in donor-acceptor systems containing polyimides as the acceptor unit.
28
The photochemistry of cobalt() complexes has been the subject of considerable study in recent years. 29 In preliminary experiments with the present cobalt() complexes we have shown that irradiation of the compounds at 372 nm in DMF (which corresponds to the anthracene absorption bands) results in a change in the visible absorption spectrum of both compounds [Co(3)Cl 2 ]Cl and [Co(2)Cl 2 ]Cl. During the irradiation a noticeable color change in the solutions occurred, consistent with a change in the coordination sphere of the metal ion. For both complexes a shift in the λ max and an increase in the absorbance of the visible d-d band is observed along with the grow in of an additional band. No change is observed over this time in the spectra of the control solutions left in the dark. These observations suggest that a change in the coordination sphere of the cobalt() metal ion occurs as a direct result of irradiation. It is known that the aquation of the cobalt() acceptor unit of [Co (3) 3ϩ under the same conditions led to a change in the spectrum, with the grow in of a band at λ = 610 nm and the band at λ max = 626 nm shifting to λ max = 676 nm along with an increase in its intensity.
Conclusions
Although photo-activated ligand release occurs for the donoracceptor systems, the mechanism operating is not clear. Electron and energy transfer are possible in the anthracene tethered donor-acceptor systems [Co(3)Cl 2 ]Cl and [Co(2)Cl 2 ]Cl and both of these processes could lead to the observed behaviour. To better understand the factors responsible we are presently examining related complexes in which a range of axial ligands are coordinated to a cobalt() cyclam moiety tethered to either anthracene and naphthalene donors.
